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I.  PURPOSE 


The  general  objective  of  thle  work  wee  to  lnveetlgate  the  variable 
band  gap  etructure  GaAsx-GaP^-xj,  having  a  gallium  phoephlde  eurface 
concentration  approaching  100  percent,  decreasing  In  concentration  with 
depth  to  a  poeltlon  at  which  the  compoaltlon  waa  entirely  GaAe ,  Thle 
structure  repreeente  a  gradient  In  band  gap  energy  from  that  of  OaP 
(2.4  a.v.)  to  that  of  GaAe  (1,35  e.v.).  The  structure  was  to  Incorporate 
a  single  p-n  junction.  The  photovoltaic  cell  diode  was  considered  the  best 
form  for  evaluation,  yielding  additional  Information  as  to  lifetimes,  dif¬ 
fusing  lengths,  etc. 

Practical  objectives  Included  the  establishment  of  optimums  of  dif¬ 
fusion,  doping,  contacting,  Junction  depths  and  processing  techniques  to 
produce  efficient  devices  of  this  structure.  Inherently  this  Implied  the 
minimising  of  sheet  resistance,  preservation  of  lifetimes  and  mobilities, 
and  optimising  contacts  for  ohmlcity  and  low  resistance. 

Evaluation  was  planned  to  define  the  above  mentioned  parameters,  and 
to  demonstrate  any  advantageous  characteristics  such  as  temperature  perform¬ 
ance,  collection  efficiency,  spectral  response,  radiation  resistance,  etc. 

It  was  not  considered  that  solar  cell  efficiency  par  se  should  be  a  crit¬ 
erion;  thus  sophistications  such  as  etching,  anti-ref lectant  coatings,  grid¬ 
ed  contacts,  etc.,  were  specifically  excluded. 

For  the  purpose  of  comparison,  it  waa  considered  useful  to  attempt 
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growth  of  crystal*  of  GaP.  Specimens  of  GaP  were  to  b*  ussd  for  ths  detar- 
mlnatlon  of  bulk  slsctronic  parameters,  contacting,  etc. ,  and  for  epitaxial 
growth  of  laysrs  on  GaAa,  This  pursuit  was  planned  to  allow  comparison  of 
the  gradient  versus  abrupt  change  in  band  gap. 

This  phase  was  planned  as  a  secondary  parallel  objective,  not  to  de¬ 
tract  from  the  primary  objectlvaa  of  this  lnvaatlgatlon. 
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II.  ABSTRACT 


Fabrication  and  evaluation  o£  variable  energy  gap  atrueturea  of  two 
categoriee  wae  carried  out;  "ehellow"  devicea  with  1  to  3  mlcrona  of  sur- 
face  GaP,  and  "deep"  device*  of  6  to  40  micron*  depth*  Conventional  GaA* 
unit*  were  fabricated  and  evaluated  for  comparison  purposes*  Shallow  var¬ 
iable  gap  device*  exhibited  essentially  equal  photovoltaic  properties  as 
single  gap  conventional  devices*  and  demonstrate  advantages  in  ruggedness* 
spectral  response,  and  a  numerically  small  temperature  performance. 

Initial  deep  variable  gap  structures  Indicated  severe  compensation 
from  diffusion  of  impurities  during  the  phosphorus  diffusion*  Source  of 
these  Impurities  was  determined  by  spectral  emission  analysis  to  be  the 
phosphorus.  Recent  devices  fabricated  with  high  purity  phosphorus  produced 
competitive*  although  lower*  photovoltaic  properties.  Significant  spectral 
response  differences  were  observed  in  these  devices.  Principal  difficulty 
in  realising  the  optimum  performance  is  the  placement  of  the  Junction  within 
the  upper  GaP*  instead  of  coincident  or  below  the  GaP-GaAa  transition  area. 
Informative  zinc  diffusion  studies  and  data  are  presented.  A  proposed  method 
of  quick*  high  temperature  sine  diffusion  is  discussed.  Surface  preparation, 
contacting  techniques  and  processes  are  detailed*  Evaluation  of  diode  char- 
ac ter la tics*  spectral  response*  photovoltaic  properties  and  temperature  per¬ 
formance  is  reported. 

GaP  syntheala  by  two  methods  was  achieved  and  described.  Epitaxial 
growth  of  GaP  on  GaA s  substrates*  carried  out  for  comparison  purposes*  is 
described  and  illustrated.  Photovoltaic  and  diode  parameters  of  epitaxially 
grown  p-on-n  Junctions  are  described.  Electro-luminescence  of  variable  gap 
structures  were  observed  and  discussed. 
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Conferences : 

Thi  Annual  Power  Sources  Conference  at  Atlantic  City,  N.J. ,  May  21, 

22,  23,  1962  was  attended  by  Masora,  Louis  B.  Stone  and  Qeorge  N.  Webb  of 
this  Laboratory*  A  confarance  was  held  at  Evans  Laboratory,  Fort  Mon¬ 
mouth,  |*J*,  on  May  24th. ,1962,  with  Messrs*  Lawrence  Schwarts  and  Joe  Man- 
dalkorn*  Sample  Devices  #380,  #396,  #421,  #427  and  Gap  material  sample 
M6204-AB  were  delivered  to  Mr.  Schwarts. 

A  conference  waa  held  at  the  Eagle-Plchar  Research  Laboratories  on 
September  25,  1962,  with  Mr.  Phillip  Newman  of  Fort  Monmouth,  New  Jersey. 

The  1.R.E.-P.G.E.D.  Meeting  at  Washington,  D.C.,  October  27-29,1962 
was  attended  by  Dr.  Jno.  R.  Musgreve  and  Mr.  Louis  E.  Stone  of  this  Labora¬ 
tory.  At  thia  meeting  a  confarance  was  arranged  with  Mr.  Phillip  Newman; 
sample  specimens  M6210-CD  and  M6210-CR  ware  delivered. 

A  conference  wee  held  at  Fort  Monmouth,  N.J.,  on  February  13,1963 
by  Mr.  Louis  E.  Stone  of  Bagle-Plcher,  and  Messrs.  Robert  Yatsko,  Phillip 
Newman,  and  J.S.  Kee peris  of  Fort  Monmouth. 

Publications: 

An  article,  "Conversion  of  Gallium  Arsenide  to  Gallium  Phosphide  by 
8olld  State  Diffusion"  waa  published  In  the  Journal  of  Applied  Physics, 
September,  1962,  Issue. 

A  paper  •  "Variable  Bnergy  Gap  Devlcea"  waa  presented  at  the  X.B.E.S.- 
A.I.A.A.  Photovoltaic  Specialists  Conference,  Washington,  D.C.  April  10,1963. 
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Reports t 


Monthly  Letter-Type  Reports,  Hos.  1  to  12,  Inclusive,  vers  submit¬ 
ted  as  scheduled. 

The  First  Quarterly  Technical  Report  was  distributed  August  31,1962* 
The  Second  Quarterly  Technical  Report  was  distributed  Nov.  30,  1962* 
The  Third  Quarterly  Technical  Report  was  distributed  Feb.  28,  1963, 
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IV .  FACTUAL  DATA 


INTRODUCTION : 

Th a  subject  of  this  investigation  is  the  GaAax-GaP^_xj  system.  The 
specific  geometry  contemplates  a  surface  layer  of  essentially  100  percent 
GaP;  the  concentration  decreases  with  depth  to  a  distance  at  which  the  GaP 
concentration  is  zero.  Figure  1  illustrates  graphically  the  concentration 
(or  band  gap  energy)  as  a  function  of  distance  below  the  surface  of  the 
variable  energy  gap  structure. 


1001  GaAs 


Microns 

Figure  1.  Band  Gap  Energy  Versus  Depth  of  Variable  Gap  Structure. 


This  model  considers  the  placing  of  a  p-n  junction  at  any  selected  depth 
below  the  surface. 
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The  theoretical  baele  for  the  investigation  of  this  system  end  geo- 

(3\ 

metry  Is  detailed  In  a  previous  report'  .  Stated  briefly,  the  higher 
energy  gap  material  should  result  In  a  higher  ratio  of  photon  generated 
current  (Ig)  to  thermally  generated  currents  (IQ) .  The  higher  energy  gap 
material  should  transmit  a  larger  percentage  of  photona  to  a  position 
closer  to  a  deep  Junction,  thereby  Increasing  collection  efficiency.  The 
greater  latitude  In  Junction  depths  would  allow  a  thicker,  more  conductive 
layer  above  the  Junction,  decreasing  sheet  resistance,  and  Increasing  rad¬ 
iation  resistance.  In  summary,  the  graded  or  variable  energy  gap  structure 
theoretically  should  produce  Increased  Injection  and  collection  efficien¬ 
cies,  higher  Ig  to  10  ratio,  and  better  high  temperature  performance. 

In  the  field  of  electro-luminescent  dlodea,  beam-of-llght  translators  and 

Injection  lasers,  the  higher  band  gap  energies  offer  promise  of  Improved 
emission,  emission  at  wavelengths  In  the  visible  range,  higher  Injection 
and  collection  efficiencies. 

The  variable  band  gap  structure  la  achieved  by  solid  state  diffusion. ^ 
GaP  layers  approaching  100  percent  concentration,  with  good  control  In  thick¬ 
ness  up  to  40-microns  or  more  have  been  produced.  Initial  device  fabrica¬ 
tion  and  evaluation  defined  one  of  the  major  probleaia  which  hampered  the 
Investigation,  namely,  the  compensation,  or  conversion  to  "p"  typa  conduct¬ 
ivity,  of  parent  bulk  materiel  during  the  conversion  of  deep  layers  of  GaP. 
The  source  of  contamination  proved  to  be  the  phosphorus  and  during  the  leat 
month  of  work,  aeveral  deep  varleble  gap  structures  were  produced.  More  de¬ 
tailed  discussion  of  thle  phase  la  made  subsequently. 

For  comperison  purposes,  epltexlal  GaP  on  GaAa  structures  were  con¬ 
sidered,  to  compare  the  ebrupt  versus  smoothly  graded  band  gap  geomatrlea. 
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To  this  end,  GaP  synthesis  was  carried  out,  and  several  melt -grown  ingots 
of  GaP  wars  prepared.  Epitaxial  layers  ware  grown  from  this  material  in 
the  latter  part  of  the  contract  period  and  are  reported  herein.  The  syn¬ 
thesis,  melt  growth  of  GaP  ingots,  and  the  epitaxial  growth  of  high  quality 
layers  ware  each  significant  tasks,  beset  with  many  problems.  The  work  on 
these  phases  has  been  particularly  fruitful,  considering  the  limited  time 
and  effort. 


Approach  to  the  Problem: 


The  fabrication  of  the  structure  was  undertaken  in  two  general  cate¬ 
gories,  l.e. ,  shallow  GaP  layers  of  the  order  of  a  few  microns,  and  deep 
layers  of  the  order  of  10  to  20  microns.  These  two  forms  were  considered 
to  bracket  the  probable  applications  and  from  previous  experience,  would 
define  one  of  the  most  serious  difficulties  encountered,  that  of  compen¬ 
sation  during  phosphorus  diffusion. 

Studies  wars  planned  and  carried  out  to  define  the  following: 

1.  Optimum  surface  preparation. 

2.  Optimum  phosphorus  diffusion  schedules  and  techniques  for  producing 
the  structure. 

3.  Optimum  sine  diffusion  schedules  to  produce  an  abrupt,  highly  doped 
"p"  junction  within  the  GaP  layer. 

4.  Sheet  resiatsnee  of  the  diffused  layers. 

5.  Optimum  contacting  of  the  "p"  end  "n"  surfaces. 

6.  The  existence  and  sllmlnation  of  the  compensation,  or  barrier  layer 
observed  in  the  deep  structures. 

7.  Evaluation  of  the  appropriate  electronic  parameters  and  character¬ 
istics  of  diode  structure. 

The  evaluation  of  the  structure  was  anticipated  to  be  a  difficult  pro¬ 
blem.  The  state  of  the  art  in  both  materials  was  -  and  is  yet  -  not  advanced; 
the  difficulty  in  placing  a  Junction  naar  the  surface  in  the  cone  of  highly 
concentrated  GaP  was  known.  Tha  effect  of  residual  GaAs  content  in  the  area 
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of  the  junction  could  be  expected  to  shade  or  blend  any  clear  cut  contraete 
In  parameters.  The  device  form  which  would  be  most  sensitive  to  differences 
In  structure,  band  gap,  ate.,  waa  conaldered  to  be  the  photovoltaic  cell,  and 
this  form  was  selected. 

Several  conslderatlona  In  Initial  guide-lines  were  made.  The  Inherent 
purpose  and  goal  of  a  deep  Junction  geometry  (of  at  leaat  2 -microns)  as  com¬ 
pared  to  conventional  GaAs  photovoltaic  devlcsa.  In  which  very  shallow  Junc¬ 
tions  (lees  than  1-mlcron)  are  obtained  by  etching  techniques,  ruled  out  the 
feasibility  of  chemical  etching  -  other  than  for  surface  cleaning.  Photo¬ 
voltaic  efficiency,  per  se,  was  not  a  goal,  since  this  would  Introduce  the 
added  complexities  of  grided  contacts,  antl-reflectant  coatings,  etc.,  and 
dilute  the  central  purpose. 

Fabrication  of  photovoltaic  devices  of  the  shallow  depth  category  was 
planned  to  Investigate  the  problems  and  techniques  of  Junction  formation. 
These  studies  were  aimed  at  producing  a  p-n  junction  within  the  GaP  layer 
rather  than  below  It;  at  evaluating  the  highest  possible  sine  carrier  con¬ 
centration  consistent  with  this  shallow  diffusion;  and  the  determination  of 
diffusion  schedules,  techniques,  and  resultant  sheet  resistances. 

Fabrication  of  the  deep  variety  of  photovoltaic  structures  were  plan¬ 
ned  to  discover  and  eliminate  the  cause  of  the  compensation  problem. 

Studies  were  planned  and  carried  out  with  and  without  excess  arsenic  pre¬ 
sent  to  explore  the  possibility  of  dissociation  of  the  GaAs.  Studies  of 
GaAs  bulk  purity  and  resistivity  were  planned  and  carried  out.  Rigorous 
analysis  of  reactants,  processing  chemicals  and  bulk  phosphorus  were  car¬ 
ried  out.  These  studies  resulted  In  successful  fabrication  of  deep  GaP 
layers  without  compensation  effects. 
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For  comparison  purposes,  fabrication  of  single  gap  or  conventional 
GaAs  devices  vara  planned  and  carried  out.  In  theae  studies ,  chemical 
etching  was  planned  only  as  a  corroborative  method  of  measuring  Junction 
depths;  the  same  restrictions  as  to  grided  contacts  and  coatings  were  ob¬ 
served  as  in  the  variable  gap  ease. 

Concurrently  with  the  central  approach,  it  appeared  informative  to 
produce  some  bulk  Ingots  of  GaP.  The  object  of  this  undertaking  was  two¬ 
fold:  To  allow  comparison  of  the  variable  gap  structure  with  its  abrupt 
counterpart,  grown  epitaxially,  and  to  allow  primary  determinations  as  to 
contact  ohmlclty,  bulk  resistivity,  transmittance,  etc.  This  effort  vaa 
planned  as  an  effective  way  to  utilize  "dead  time",  l.e.,  periods  of  fur¬ 
nace  heat-up  and  cool  down,  mechanical  and  chemical  polishing  intervals, 
etc.  Studies  and  techniques  of  synthesis  and  melt  growth  were  planned  and 
carried  out  thus,  without  penalty  to  the  major  effort.  In  similar  fashion 
some  epitaxy  of  GaP  on  GaAs  was  planned  and  executed. 

Evaluation  of  the  devices  was  planned  and  carried  out  to  define  the 
appropriate  parameters.  These  Included  the  following: 

Bulk  Material  -  Resistivity 

-  Mobility 

-  Purity 

Contacts  -  Ohmlclty 

-  Resistance 

Photovoltaic  -  Open  Circuit  Voltage 

-  Short  Circuit  Current  per  unit  area 

-  Bffectlva  matching  (load)  resist anca 
per  unit  area 

-  Conversion  Efficiency 

-  Spectral  Response 

-  Diode  Characteristics 

Electroluminescence  -  Diode  Geometry 

-  Emission  Intensity  (Relative) 
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Fabrication: 


General. 


The  fabrication  proceaa  for  photovoltaic  devicea  haa  been  deacribed  in 
detail  in  previous  reports Some  detailed  diacuaaion  of  the  fabrl- 
cation  of  other  forma  will  be  made  aubaequently.  For  the  photovoltaic  fora 
of  the  variable  energy  gap  devicea  the  eaaentlal  fabrication  atepa  for  both 
single  gap  and  variable  gap  structures  are  outlined  in  Table  1. 


TABLE  I 

Cell  Fabrication  Stepa  and  Sequence. 


Variable 

Gap 


1.  Dice  material  to  appropriate  size,  X 

2.  Lap  with  600-Grit  Compound  to  clean  saw  debris,  X 

3.  Diamond  polish  to  optical  finish,  X 

4.  Chemically  polish  in  I^SO^-HjOj-HjO  etchant,  X 

5.  Rinse  thoroughly  in  deionized  water  and  dry,  X 

6.  Seal  In  evacuated,  purged  ampoule  with  appro¬ 
priate  phosphorus  charge  and  diffuse,  X 

7.  Clean  chemically  in  HF  or  HI  add,  rinse,  dry,  X 

8.  Diffuse  zinc  to  form  Junction,  X 

9.  Mask  surface  with  Krylon,  lap  bottom  surface, 

heavily,  X 

10.  Electro-plate  nickel  on  bottom  surface,  X 

11.  Lap  edgea  heavily,  dissolve  Krylon,  clean, 

rinse,  and  dry,  X 

12.  Mask  top  surface,  sputter  platinum  collector 

on  top,  X 

13.  Apply  solder  coating  to  top  and  bottom  contacts,  X 

14.  Cell  ready  for  evaluation. 


X 

X 

X 

X 

X 


X 

X 

X 

X 

X 

X 
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Wafer  Preparation: 


Sona  dlaeuaalon  of  aurfaca  preparation  la  In  order*  The  diamond  pol¬ 
ishing  of  wafers  has  regularly  bean  used  to  produce  a  flat,  highly  polish¬ 
ed  surface.  Etching  of  such  surfaces  has  Indicated  high  densities  of  dis¬ 
locations,  and  made  attractive  a  chemical  polishing  step  to  remove  suoh 
damaged  layers,  while  retaining  the  flat,  polished  surface.  A  satisfactory 
procedure  was  developed  by  adapting  the  technique  described  by  Sullivan  & 
Pompllano^^.  Wafers  are  randomly  rotated  In  a  solution  of  70  percent 
H2S04,  15  percent  H2O2  (30%),  and  15  percent  l^o  for  perloda  of  about  30 
minutes.  The  resulting  surfaces  are  undamaged,  clean  and  flat.  This  pro¬ 
cedure  has  Improved  the  reproducibility  of  the  diffusion  process  signif¬ 
icantly. 

Figure  2  Illustrates  the  sub-surface  damage  of  a  diamond  polished 
GaAs  wafer.  The  wafer  was  polished  optically  flat  and  reflective,  using 
a  mechanical  DP-Pollsher,  and  very  fine  grit  diamond  paste.  Subsequent  to 
diffusion,  disturbing  irregularities  In  the  diffusion  front  (or  Junction), 
which  should  be  planar,  were  noted.  Microscopically  these  Irregularities 
were  related  to  lines  of  dislocations  at  the  original  surface.  To  Illus¬ 
trate  this  effect,  e  typical  flat  wafer  was  partially  Immersed  In  the  chem¬ 
ical  polishing  solution  mentioned  above  for  30  seconds.  The  damage  and  dis¬ 
locations  are  easily  visible  to  the  eye,  although  the  un-atchad  remainder 
of  the  wafer  appears  perfect,  when  under  high  magnification.  This  damage 
may  be  observed  up  to  10  or  20  microns  deep. 
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Figure  2.  Sub-Surface  Damage  of  Diamond  PoLiahed  Surface 


Chemical  polishing  is  done  with  the  previously  mentioned  solution  in  de 
vice  illustrated  in  Figure  3. 


Figure  3.  Chemical  Polishing  Device* 
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The  chemical  polishing  technique  results  in  a  clean,  undamaged  sur¬ 
face  well  suited  for  diffusion.  The  surfaces  are  not  perfectly  flat; 
gentle  shallow  undulations  can  be  measured  microscopically.  Typical  ap¬ 
pearance  is  Illustrated  in  Figure  4. 


Figure  4.  Chemically  Polished  Gallium  Arsenide  Surfaces. 

Contacting:  (Photovoltaic -planar  devices) 

Electroplated  nickel  contact  is  made  to  the  bottom  (n)  material. 

It  is  plated  at  a  rate  of  approximately  25  ma/cm?  from  the  hydroxide 
(basic)  solution  usually  used  for  electroless  plating. 

Sputtered  platinum  collector  contact  is  made  to  the  top  surface,  as 
a  1-md  stripe  lengthwise  of  the  wafer. 

Both  contacts  when  applied,  show  slight  non-ohmicity  and  some  series 
resistance.  Coating  with  60-40  solder  eliminates  both,  and  produces  a 
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good  contact ,  as  indicated  by  diode  characteristics.  Figure  5  illustrates 
the  diode  characteristics  of  single  gap  and  variable  gap  devices.  The  two 
variable  gap  curves  represent  the  spread  of  diode  forward  characteristics: 
#428  indicates  some  resistive  slope;  that  of  #442  closely  approximates  the 
ideal  steep  characteristic.  3oth  types  show  the  "soft"  reverse  character¬ 
istic  of  photovoltaic  diodes ,  but  confirm  the  low  cootact  resistance. 


—  #444  (S.C.) 

Figure  5.  Diode  Characteristics  of  Typical  Devices. 
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Contact  lot*  (Mata  Diodes) 


Studies  of  injection  luminescence  al loved  deeper ,  more  heavily  doped 
junctions.  Variable  gap  structures  were  contacted  by  plated  nickel  on  the 
bottom  end  in  a  dot  pattern  on  the  top  surface ,  followed  by  solder  costing. 
The  low  contact  resistance  is  indicated  in  the  dark  diode  characteristics 
of  Figure  6, 


Figure  6.  Dark  Diode  Characteristics  Mesa  Diode.  ELDV-2 . 


Contacting.  (Bulk  Gallium  Phoaphida) 

Contacta  to  bulk  gallium  phoaphida  ware  Inveatlgatad,  Indium  con- 
tacta  applied  ultraaonlcally  wore  adherent,  but  obaarvad  to  be  non-ohmic. 
Diode  charactarlatlca  indicated  a  aymmetrical,  double  junction  on  n-typa 
gallium  phoaphida  or  low  net  carrier  concentration.  Symmetrical  break¬ 
down  voltagea  of  approximately  5  volta  were  obeerved. 

Similar  bulk  material  waa  contacted  ohmically  by  ultraaonlc  applic¬ 
ation  of  lead-lndlum  containing  tin  or  antimony.  P-type  aurfacea  were  con¬ 
tacted  ohmically  by  ultraaonlc  application  of  lead-cadmium  or  lead-slnc 
alloy.  Typically,  the  forward  break  occura  at  approximately  1-volt,  and 
eome  realetlve  alope  waa  obeerved.  The  number  of  dlodea  fabricated  waa 
etatletically  email. 

High  temperature  contacta  were  made  by  alloying  gold-lndlum  to 
p-type  material  at  600 *C,  N-type  aurfacea  were  contacted  by  alloyed 
gold-tin  or  lead  (previoualy  applied  ultraaonlcally). 
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Toting  Techniques  and  Procedures: 


Testing  techniques  end  procedures  ere  stsnderd  end  current  with  the 
present  stete  of  the  art,  end  designed  to  correlate  with  other  labora¬ 
tories  to  the  closest  practical  degree.  The  following  outlinea  the  methods 
used. 

(a) .  Resistivity  is  measursd  using  four  terminal,  potentlometric  method, 

with  current  contacts  isolated  end  widely  spaced  from  voltage  drop 
terminals. 

(b) .  Four-probe  resistivity  of  surfaces  is  done  using  conventional 

4-probe  head  and  technique. 

(c) .  Two-probe  resistivity  or  resistance  per  equare  measurements  are 

made  on  cell  surfaces  using  special  semi-blunt  points  to  prevent 
surface  puncture. 

(d) .  Photo-parameters  are  measured  using  a  Hewl it t -Packard  Model  #425 

Micro-Micro  Ammeter.  Isc  is  measured  as  the  voltage  drop  across 
a  precision  1-ohm  resistor. 

(e) .  Light  measurements  are  made  in  sunlight  using  an  Eppley  Pyrohalio- 

meter,  collimated  against  reflected  light.  When  laboratory  test¬ 
ing  is  required,  a  similar  calibrated  cell  is  used  to  adjust  an 
RFL-2  light  to  give  equal  Xse  currant  through  a  1-inch  water  filter. 

(f) .  Spectral  response  is  measured  with  a  Bausch  &  Loot  Spectrophoto¬ 

meter  of  the  grating  type. 

(g) .  Temperature  performance  la  measured  in  a  special  Blue-M  regulated 

oven,  with  built-in  Instrument  wiring,  capable  of  close,  automatic 
regulation  to  over  200 *C. 

(h) .  Diode  characteristics  are  measured  using  the  curve-tracer  tech¬ 

nique,  and  a  Tektronix  Model  #535  Oscilloscope. 

(1).  Cross  section  device  gaoswtry  is  done  using  an  elactro-etch-staln 
technique  developed  in  our  laboratory,  in  conjunction  with  a 
Unltron  Microscope  fitted  with  built-in  camera. 

The  subsequent  discussion  is  arranged  for  logic  and  continuity, 

rather  than  chronologically* 
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Phosphorus  Diffusions 


Red  phosphorus,  semiconductor  grade,  from  the  American  Agricultural 
Chemical  Company  was  used.  Wide  variations  in  impurity  concentrations 
were  found  from  batch  to  batch  by  spectrographic  analyeis.  Table  11  illus¬ 
trates  spectro-anelysee  of  the  two  extremes. 

TABLE  II 

Spectro-Analysis  of  Phosphorus  Lots  -  Parts  Per  Million. 


Si 

Pb 

Fa 

Al 

Cu  Ca 

Sn  N1 

M6207-BQ 

40.0 

1.0 

5.0 

1.0 

5.0 

1.0  1.0 

• 

• 

• 

• 

1 

1 

1 

f 

M6206-CH 

500.0 

51.0 

30.0 

10.0 

10.0 

2.0  10.0 

30.0  5.0 

Attempts  were  made  to  further  purify  Lot  M6207-BQ  by  multiple  subli¬ 
mation.  Spectro-analysis  indicated  little  or  no  improvement.  Hence  select¬ 
ed  best  grade  material  was  used  without  further  treatment.  The  impurity 
levels  Involved  here  were  considered  the  major  difficulty  in  fabricating 
high  efficiency  deep  variable  gap  structures.  Phosphorus  diffusion  was 
carried  out  in  evacuated,  heavy-wall  quarts  ampoules.  The  phosphorus  charge, 
calculated  as  P4,  to  produce  the  selected  pressure  at  the  desired  diffusion 
temperatures  was  placed  at  one  end  of  the  ampoule,  the  specimen  wafers  at 
the  canter,  and  after  five  cycles  of  evacust ion-purging  with  an  inert  gas, 
the  ampoule  aealed  off  under  approximately  1-micron  vacuum.  After  diffus¬ 
ion,  the  ampoules  were  moved  to  the  end  of  the  hot  sone,  end  the  phosphorus 
deposited  at  one  end  by  selective  cooling.  Thle  end  was  sswed  off  in  open¬ 
ing  the  ampoulea. 

Diffusion  schedules  were  in  two  general  categories,  800 *C  -  IS  atmos¬ 
pheres  for  periods  of  one  to  three  hours,  and  900 *C  •  20  atmospheres  for 
periods  of  two  to  fifty  hours.  The  former  produces  "shallow"  gallium 
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phosphide  layer*  of  the  order  of  3-microne  thick,  the  latter  "deep"  layer* 
of  10  to  20-microns  thick,  ae  defined  by  etch-resistance  and  etelnlng  tech* 
nlquee . 

Wafer  eurfacee  regularly  were  bright  and  clean,  with  no  eroelon,  and 
little,  If  any,  etalne  or  filming.  Rlnalng  with  HP  waa  regularly  don*  to 
remove  any  poaalbl*  film*  prior  to  elnc  diffusion,  Croee  aectlona  of  euch 
variable  gap  etructuree,  when  obeerved  under  polarised  light  at  SOOx,  In¬ 
dicate  an  homogeneous  layer,  of  orange  color,  varying  In  thickness  with 
dlffualon  schedules. 

Photovoltaic  devices  of  the  ahallow  layer  geometry  exhibited  good 
photovoltaic  and  diode  parameters;  the  deep  layer  geometries  evidenced 
poor  characteristics.  Evidence  Indicated  compensation  was  occurring;  In 
extreme  cases,  complete  type  change  was  noted  In  the  deep  layer  geometry. 

A  study  was  carried  out  to  define  this  problem.  Specimens  of  virgin 
GaAs,  sine  diffused  GaAe,  ahallow  layer  and  deep  layer  variable  gap  calls 
were  cross  sectioned,  polished  and  etch-stained  similarly.  Microscopic 
examination  and  measurement  of  Junctions  and  layers  were  made.  All  spec¬ 
imens  were  contacted  normally,  whether  a  diffused  Junction  existed  or  not. 
Table  III  outlines  the  results  of  this  study. 
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Variable  Gap  Croaa  Section  Geometry  Specimens* 


Reverse 

First  Second  Forward  Resist 


Specimen 

Phosphorus 

History 

Zinc 

History 

Layer 

Microns 

Layer 

Microns 

Resistance 

Ohms 

-anoe 

Ohms 

Specimen  E-8, 

Nona 

None 

None 

None 

350 

1700 

#444,  Single  Gap, 

None 

500*0-3  Hrs 

.  1.0 

None 

30 

lxlO6 

#431,  Shallow  Variable  . 

Gap, 

800*0-15  Atm. 

525*0-1  Hr 

.  1.0 

1.0 

25 

1x10 

#E-9,  Deep  Variable 
Gap,  No  Zinc 
Junction, 

1  hour 

900*0-20  Atm. 
1  1/2  hours 

None 

5  to  8 

4  to  6 

4 

1.5x10 

lxlO6 

#B-10,  Deep  Variable  Gap, 

Arsenic  partial  pres¬ 
sure,  no  sine  Junction, 

900*0-20  Atm.  , 

2  hours  None  4  to  5  6  to  10  7x10**  1x10° 

#428,  Deep  Variable  Gap, 

Zinc  junction,  900*0-  20  Atm.  800*0-3  min.  8  to  10  20.0  — —  — — 

2  hours 

#E-5,  Deep  Variable  Gap, 

Arsenic  partial  pres¬ 
sure,  no  tine  Junc¬ 
tion,  900*0-20  Atm.  ,  , 

2  hours  None  5  to  8  20.0  7x10°  8x10° 
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Referring  to  Table  111,  the  control  specimen  did  not  etaln,  remain* 
ing  perfectly  clear  after  twelve  minutes,  thua  aaeurlng  that  when  material 
la  homogeneous,  without  atrata  or  anomalies  of  different  resistivity  or 
type,  no  staining  occurs  as  a  simple  chemical  reaction*  Three  specimens 
were  done;  ell  remained  clear,  as  Illustrated  In  Figure  7*  Contact  to 
contact  reslatance  shows  the  expected  small  rectification  ratio  one  would 
expect  between  large  area-email  area  contacts* 

Single  Gap  Specimen  #444,  shown  In  Figure  8,  Indicates  a  smooth, 

1-micron  Junction  with  no  secondary  staining*  (The  dork  outline  of  the 
Junction  In  Figure  8  Is  photographic  shadowing  of  polishing  damage).  Re¬ 
sistance  measurements  Indicate  the  usual  rectification  ratios  found  In  good 
diodes* 

Variable  gap  structure.  Specimen  #431,  Is  of  Interest  as  It  Indicates 
typical  geometry  of  shallow  gallium  phoephide  devices*  Mote  that  a  dif¬ 
fused  Junction  Is  present.  Figure  9  Illustrates  the  gallium  phosphide  layer, 
about  2-mlcrons  thick,  and  an  underlying  layer  about  1-mlcron  thick.  An  un¬ 
successful  effort  was  made  to  profile  the  resistance  between  a  micro  probe 
and  each  of  the  contacts.  Contacting  difficulties  In  the  cramped  confines 
of  the  lens  clearance  and  springing  of  the  probe  have  thus  far  prevented 
accurate  measurements.  It  Is  Interesting  that  rectification  ratios  equal, 
or  better,  than  the  single  gap  structure  ere  obtained.  This  Implies 
absence  of  any  significant  barrier  layer  In  this  variable  gap  device. 
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Fig. 


Specimen  E-8,  Virgin  GaAa 
Control,  No.  Layers.  (AOOx) 


Pig.  8.  Specimen  #444,  Single  Gsp 
Structure.  (400x) * 


Pig.  9.  Specimen  #43i,  Shsllov  Variable 
Gsp  Structure.  (400x) . 
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Variable  gap  atructurea  formed  by  phoaphorua  diffusion  at  900 *C, 

20  atmospheres,  for  perloda  of  aa  little  aa  two  houra  had  a  gallium  phos- 
phlde  layar  on  thalr  eurface  (Figure  10,  E-9)  and  beneath  thla  upper  five 
to  eight  micron  layer,  an  additional  darkly  atalned  band  la  noted  aome 
four  to  alx  mlcrone  thick,  Thla  band  le  plainly  of  differing  conductivity 
or  type.  Mote  that  the  contact  to  contact  realatance  la  alao  very  high  In 
both  dlrectlona. 

Recognizing  the  pocalblllty  that  the  aecond  layer  moat  eaally  could 
be  formed  by  (a)  lnteratitlal  phoaphorua,  or  (b)  depletion  of  areenic,  a 
wafer  (figure  11,  E-10)  waa  prepared  In  which  the  phoaphorue  diffuaion  in¬ 
cluded  a  partial  preaaure,  (1  atmosphere)  of  araenlc  vapor.  As  Indicated, 
the  aecond  layer  waa  again  found,  and  contact  to  contact  realatance  waa 
eaaentlally  the  same.  The  only  effect  obeerved  appeared  to  be  a  deterrent 
to  the  formation  of  the  gallium  phosphide  layer,  which  waa  thinner.  This 
even  might  be  questioned,  and  attributed  to  a  variation  of  phoaphorua  pres¬ 
sure. 

Spedemn  #428  and  Specimen  #E-5  directly  compare  a  deep  variable  gap 
structure  with  Junction  to  a  phosphorus  plus  araenlc  similar  structure. 

As  Figure  12  and  Figure  13  Indicate,  both  have  similar  geometry,  Includ¬ 
ing  the  sub-layer;  measurement  Indicates  very  similar  depths.  This  sup¬ 
ports  the  contention  that  a  sub-layer  la  formed,  and  la  the  result  of  the 
high  temperature,  high  pressure  phosphorus  step.  The  Junction  of  the  de¬ 
vice  was  accidently  "broken  down"  In  the  reverse  direction  before  contact 
to  contact  realatance  was  measured. 

Thla  study  strongly  suggested  that  compensation  and/or  type  change  was 
occurring  along  a  front  preceding  the  GeF  conversion.  The  probability 
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Pig.  10.  Specimen  E-9, Variable  Cap 
St  ructure .  (400x ) 


Pig.  11.  SpeciMn  E-10,  Variable  Cap 
Structure.  (400x) 


Fig.  12.  SpeciMn  #428,  Variable  Cap 
Structure.  (600x) 


Pig.  13.  Specimen  1-5,  Variable  Cap 
Structure.  (400x) 
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of  this  being  a  result  of  dissociation  and  loss  of  arsenic  appeared  small* 
as  no  significant  difference  was  observed  in  specimens  similarly  diffused 
in  a  partial  pressure  of  arsenic.  It  was  indicated  an  acceptor  impurity 
in  the  phosphorus  was  diffusing  into  the  wafer  ahead  of  the  GaP  conver¬ 
sion.  Thus*  while  shallow  type  devices  were  fabricated  successfully*  the 
Junctions  ultimately  were  at  the  bottom  of  the  GeP.  In  parallel  with  the 
shallow  layer  fabrication  and  evaluation,  effort  was  made  to  obtain  or 
purify  the  red  phosphorus  in  use. 

Purification  by  multiple  sublimation  was  begun*  and  a  program  of 
batch  selection  of  high  purity  material  by  spectral  emission  analysis  was 
carried  out  simultaneously.  Several  30-gram  lots  of  phosphorus  were  ob¬ 
tained.  Spectrographic  data  on  seven  such  lots  are  indicated  in  Table  IV. 

TABLE  IV 

Spectrographic  Analyals  of  Phoaphorua  Impurities. 

American  Agricultural  Chemical  Company  Phosphorus.  (Impurities  in  PPM) 


Kef.  No. 

Lot  No. 

Si 

Sn 

-  Mg 

Fe 

A1 

Cu 

Ca 

M6301-CB 

Q-002 

40.0 

5.0 

4.0 

1.0 

5.0 

2.0 

10.0 

M6302-AA 

Q-003 

N.D. 

N.D. 

N.D. 

N.D. 

N.D. 

0.5 

N.D. 

M6302-CB 

Q-004 

N.D. 

N.D. 

N.D. 

N.D. 

N.D. 

N.D. 

N.D. 

M6303-DC 

Q-005 

20.0 

N.D. 

2.0 

0.5 

5.0 

1.0 

10.0 

M6303-BX 

Q-006 

20.0 

N.D. 

2.0 

0.5 

5.0 

0.5 

6.0 

Fisher  Micro-Grade  Phosphorus. 

As 

B 

Mb 

MR 

fb 

Sn 

Si 

M6212-BV 

50.0 

5.0 

5.0 

50.0 

50.0 

1.0 

5000.0 

Ga 

Fe 

A_L_ 

Cu 

tl 

Ca 

Cr 

M6212-BV 

5.0 

500.0 

500.0 

50.0 

50.0 

5000.0 

5.0 

The  contraat  in  purity  levels  Indicated  in  Table  IV  is  emphasised  by  ref' 

erence  to  Table  11*  of  run-of-the-mill  phosphorus. 
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With  the  acquisition  of  Q-003  and  Q-004  phosphorus,  in-house  purifica¬ 
tion  effort  ceased.  Significant  improvement  was  realized  in  the  deep 
variable  gap  structure.  Compensat ion  was  eliminated  or  reduced  to  neg¬ 
ligible  proportions.  Several  deep  variable  gap  devices  were  fabricated 
with  improved  photovoltaic  output,  and  significant  spectral  response  dif¬ 
ferences.  Figure  14  illustrates  the  cross  section  geometry  of  #503,  which 
has  a  gallium  phosphide  layer  7  to  8  microns  thick. 


figure  14.  Cross  Section  Variable  Gap  Device  #503.  (400x). 

Detailed  evaluation  will  be  discussed  subsequently.  The  improve¬ 
ment  discussed  here  occurred  st  the  end  of  the  contractual  period,  lim¬ 
iting  the  time  available  to  exploit  this  break  through.  It  is  considered 
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that  further  investigation  of  the  deep  junction  device  ia  certainly 
warranted. 

Zinc  Diffusion. 

Zinc  diffusion  ia  routinely  done  in  fused  ailica  boats,  in  a  reducing 
(hydrogen)  atmosphere.  The  variable  gap  and/or  single  gep  wafers  are 
placed  centrally,  with  small  pieces  of  high  purity  einc  at  each  end  of  the 
boat.  The  boat  is  held  outside  the  hot  zone  of  the  split-type  tube  furnace 
until  stabilized  at  the  deeired  temperature,  then  moved  manually  to  the 
exect  center  of  the  heated  tube,  and  after  the  desired  diffusion  time, 
moved  again  to  the  cool,  down-stream  end.  The  tube  and  boat  are  removed 
entirely  from  the  furnace  and  evaporative  water  cooling  used  for  rapid 
cooling.  This  is  done  in  cognizance  of  the  work  by  Gerehenaon,  et.  al.,^^ 
who  advise  quench  cooling  to  prevent  formation  of  precipitation  site  trap¬ 
ping  centers.  Purging  is  done  with  argon;  thorough  outgaaalng  with  moderate 
flow  hydrogen  la  done  before  Inserting  the  boat  in  the  hot  zone,  at  which 
time  hydrogen  flow  la  reduced  almost  to  nil;  following  diffusion,  high 
rate  flow  ia  done  to  sweep  zinc  vapors  out. 

An  abrupt  p-n  junction  was  desired,  having  high  zinc  carrier  concen¬ 
tration  (10^atoms/cc).  This  goal  is  contrary  to  the  objective  of  placing 
the  junction  within  the  gallium  phosphide  layer.  Zinc  Diffusion  in  gallium 
phosphide  la  significantly  more  rapid  than  in  gallium  arsenide.  Thus  a  con¬ 
flict  arosa  in  which  low  temperature  would  enhance  depth  control,  but  pre¬ 
vent  good  oarrler  concentrations. 
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To  define  the  •quillbrlum  concentration  obtainable,  atudiaa  of  aur- 
faca  resistivity,  ohms  per  aquare,  aa  a  function  of  diffusion  tenperature 
were  carried  out  on  variable  gap  structures  of  the  shallow  variety,  for 
tenperatures  of  500*C,  550*C,  and  600 *C.  in  each  case,  four  to  six  wafers, 
Including  one  virgin  gslllum  arsenide  control  blank,  were  diffused  using 
identical  techniques,  for  different  times  at  a  certain  temperature.  Many 
2-probe  measurements  of  each  wafer  were  made.  The  scatter  of  these  measure¬ 
ments  was  very  small,  of  the  order  of  ten  percent  maximum  for  a  single  wafer, 
and  five  percent  or  less  between  wafers.  The  average  of  these  measurements 
ere  plotted  in  Figure  IS,  for  500*C,  550*C,  and  600*C,  respectively.  Sub¬ 
sequently  trials  were  made  to  check  the  reproducibility  of  the  technique. 

In  all  cases,  reproducibility  was  good,  within  the  measurement  scatter, 
with  similar  material. 

The  surface  carrier  concentrations  derived  from  the  surfsce  resistivity 
are  indicated  in  Figure  16. 

The  surface  carrier  concentration  is  observad  to  Increase  with  temper¬ 
ature,  and  equilibrium  concentrations  approaching  10*9/cm3  are  attained  at 
600*C.  Typical  variable  gap  cells  of  700*C,  IS  atmospheres  -  2  hours,  when 
sine  diffused  600*C  -  10  minutes,  exhibit  gallium  phosphide  layer  of  the 
order  of  one  to  three  microns  thickness  with  a  p-n  Junction  slightly  below 
the  bottom  of  the  gallium  phosphide  layer.  Effort  to  Increase  the  carrier 
concentration  by  extending  the  sine  diffusion  time,  moves  the  junction 
deeper  Into  the  gallium  arsenlda,  with  noticeable  deterioration  of  photo 
parameters. 
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Figure  16.  Carrier  Concentration  as  a  Function  of  Zinc  Diffusion 


To  explore  the  possibilities  of  low  temperature  diffusion  fully, 
for  the  formation  of  shallow  junctions,  a  study  was  carried  out  in  which 
several  shallow  variable  gap  structures  were  diffused  at  300°C  for  sue* 
ceeding  30-minute  periods,  with  2-probe  surface  measurements  made  between 
each  period.  The  2-probe  resistance  per  square  was  chosen  as  it  promised 
leas  damage  to  the  surface,  although  admittedly  less  accurate.  Results 
of  this  study  are  illustrated  graphically  in  Figure  17.  The  surface  re¬ 
sistivity  levelled  off  at  approximately  300  ohms  per  square,  indicating 
that  excessive  sheet  resistance  would  preclude  optimum  efficiency. 
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figure  17.  Plot  of  Surface  Per  Square  Varaus  Tlae  of  Dlffuaion  at  500*C. 
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The  equilibrium  concentration,  derived  from  the  surface  resistivity, 

is  illustrated  in  Figure  18*  As  indicated  the  concentration  of  approxl- 
18 

mately  10  atoeis/cc  was  two  orders  of  magnitude  low.  Thus  the  use  of  low 
temperature  (500*C)  sine  diffusion,  although  restricting  junction  pene¬ 
tration,  incurs  an  intolerable  penalty  in  concentration  and  precludes  the 
realisation  of  an  optimum  characterist 1c  junction. 


Time  -  Minutes 

Figure  18*  Plot  of  Surface  Carrier  Concentration  Versus  Time  of  Diff¬ 
usion  at  500 *C. 
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An  alternate  method  of  zinc  diffusion  by  induction  heating  was 
explored  briefly.  The  advantages  of  true  system  were  as  toilows: 

(1) ,  The  heating  cycle  could  be  very  rapid,  (to  600*C  in  a 

few  seconds),  with  complimentary  rapid  cooling,  tnere- 
by  allowing  close  control  of  short-time  diffusion. 

(2) .  The  variable  gap  wafer  was  the  hottest  part  of  the 

system;  thus  no  transfer  of  contaminants  would  occur 
from  the  cool  quartz  walls  to  the  hot  substrate. 

(3) .  Quick,  sharp  diffusion  steps  would  allow  multiple, 

incremental  penetration  steps  of  junction  depth  to 
optimise  the  device. 

A  suitable  R/F  generator  was  adapted  to  function  at  30  m/cs,  to 
allow  coupling  to  small  aru  wafers.  The  system  is  illustrated  in  Fig¬ 
ure  19. 


Figure  19.  Induction  Heating  System  for  Zinc  Diffusion 


Figure  1 0  illustrates  Che  physical  placement  of  Che  wafer. 


Figure  2 u.  Water  Positioning  for  Zinc  Diffusion  by  Induction 

Heating . 

The  method  did  realize  the  advantage  in  time,  temperature  and 
environment.  »)ne  difficulty  arose,  in  that  control  of  the  zinc  vapor 
concentration  was  difficult.  Excess  zinc  vapor  produced  alloying  and 
conde nsat ion  on  the  wafer  surface,  and  consequently  reproducible  re- 
suits  were  difficult  to  obtain.  It  is  worth  noting  that  excellent 
results  were  obtained  in  some  diffusion  runs.  Unfortunately,  the  tech¬ 
nique  of  diffusion  from  a  zinc  coped  Sl()^  film  was  not  known  to  us  at 
this  tlme^^.  This  method  of  control  of  the  zinc  dopant  would  provide 
the  final  link  for  excellent  junction  control. 
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DtodeCharac terlst  xcs : 


Evaluation  of  diode  characterise  ics  was  Bade  using  the  curve  tracer 
technique.  Typical  diode  characterise ica  are  illustrated  in  Figure  5  of 
•ingle  gap  and  .hallow  variable  gap  atructurea.  Typical  diode  character- 
let  ice  of  the  deep  variable  gap  atructure  a how  a  Measurable  difference  in 
forward  break,  as  illustrated  in  Figure  21. 


-  #504  V.G 

-  #402  V.C 


Volts 


Figure  21.  Diode  Character tat  lea  of  Deep  Variable  Gap  Devices. 
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The  forward  break  in  conductivity  In  the  letely  improved  deep  struct - 
ure  la  regularly  at  0.8  volta  or  more,  whereas  in  the  other  structures  con¬ 
duction  first  is  noted  at  about  0.6  volts.  It  could  be  argued  that  this 
difference  was  a  reflection  of  Increased  series  resistance;  such  does  not 
appear  to  be  the  case.  The  total  series  resistance  at  high  values  of  cur¬ 
rent.  defined  by  the  slope  or  steepness  of  the  forward  characteristic,  is 
obtained  as  the  ratio  of  change  in  voltage  to  change  in  current;  this  slope 
is  observed  to  be  essentially  the  earns  In  the  case  of  the  single  gap  and 
shallow  variable  gap  cells,  it  is  observed  to  be  2 .5  ohms  in  both  cases,  where 
the  shallow  Junction  objective  limited  carrier  concentrations.  In  the  deep 
variable  gap  structure,  this  value  was  observed  to  be  1,5  ohms.  The  decrease 
is  considered  the  result  of  increased  conductivity  in  the  upper  gallium  phos¬ 
phide  diffused  layer.  The  Increase  in  forward  break  voltage  is  thus  not  re¬ 
sistive  effects,  but  real.  The  Increase  may  be  attributed  to  either  of  two 
factors;  Increase  in  junction  gradient  in  abruptness,  or  the  effect  of  a  sig¬ 
nificant  lncreaae  in  band  gap.  Since  sine  diffusion  schedules,  sheet  resist¬ 
ivities,  etc.,  were  essentially  the  same,  the  latter  is  favored.  This  is 
further  supported  by  spectral  response  data. 
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Spectral  Response: 


Spectral  response  bee  been  used  to  monitor  the  improvements  in  Junction 
depths,  collection  efficiencies,  and  evaluation  of  relative  lifetimes  and 
diffusion  lengths*  The  single  gap  device  is  observed  to  peak  at  approximately 
0.8  microns.  A  sharp  abrupt  band  adge  drop  is  observed  at  0.825  microns.  In 
the  blue  region,  response  broadens  with  decreasing  Junction  depth,  without 
shifting  the  peak  response  at  0.8  microns.  Typical,  state-of-the-art  res¬ 
ponse  is  indicated  in  Figure  22,  by  #435, 

The  shallow  variable  gap  device  exhibits  a  peak  at  0.7  microns,  increas¬ 
ed  blue  response,  and  onset  of  drop  in  response  at  0.750  microns.  The  increas¬ 
ed  blue  response  is  characteristic,  with  Junction  depths  of  the  order  of  three 
microns .  Number  431  illustrates  typical  spectral  response  of  such  a  device. 

The  deep  variable  gap  structure  exhibits  a  response  characterised  by  a 
double  peak;  the  major  paak  occurring  at  the  band  edge  energy  of  gallium  arsen¬ 
ide,  0.835  microns,  and  a  separate  peak  at  approximately  0.475  Microns;  the 
band  edge  energy  value  of  gallium  phosphide.  A  third,  small  peak  is  observed 
at  0.575  microns.  The  response  of  such  a  device,  #391,  is  illustrated  also 
in  Figure  20.  This  particular  device  had  a  GaP  layer  of  30  microns,  with  a 
Junction  at  -  or  slightly  above  -  this  depth.  The  blue  response  peak  is  con¬ 
sidered  evidence  of  the  gallium  phosphide  contribution  to  total  generated 
carriers,  and  that  the  Junction  lies  slightly  above  the  gallium  arsenide 
Interface,  in  predominantly  gallium  phosphide. 
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Wavelength  *  Mill laic rone 


• - .  #431  V.  c 

O - 0  #435  S.  C 

. - .  #391  v>  c 

< - K  #437  v.  G 


figure  22.  Spectral  Reeponac  of  Salected  Devicaa. 


The  location  o£  tha  0.475  paak,  davica  #391,  la  obaarvad  to  approxlmata  tha 
blue  reaponee  of  ahallov  device  #431.  It  la  conceivable  that  tha  peak  la  tha 
reault  of  decreaaed  mid-range  response,  due  to  trapping  levala  from  Impurity 
contamination  during  the  phcephorue  dlffualon.  Thla  concept  la  tenable,  a Inca 
pboaphorua  contamination  waa  known  to  be  producing  aoma  compenaatlon  at  the 
time  thla  unit  waa  made.  To  clarify  thla  queatlon,  a  almllar  wafer  waa  dif- 
fuaad  with  a  carefully  aelected  group  of  tha  known  pboaphorua  contamlnanta. 
Thla  unit,  #437,  (Flgura  22),  exhibited  a  unique  reaponee,  eaaentlally  that 
of  100  micron  band  papa,  centered  at  0.900  mlcrona.  The  higher  energy  ree- 
ponae  la  very  low,  but  of  a  linear  lncreaee  nature  with  no  Indication  of 
peaka  or  vallaya.  It  appeara  unlikely  therefore  that  trapping  levele  can  be 
conalderad  to  explain  the  double  peak  affect  In  deep  gallium  phoaphlde  device 
#391. 

The  recent  Improvement  In  deep-type  devlcea  corroboratea  this  data. 
Spectral  reaponee  of  #503  llluetrated  In  Flgura  23,  Indlcatea  a  definite, 
broad  peak  between  0.475  and  0.600  microns.  Thla  unit  had  an  8-micron  gal¬ 
lium  phoaphlde  layer,  with  a  Junction  coincident  with  thla  8-mlcron  level. 
Surface  type,  reelatlvlty,  diode  character let lea  and  mlcroecopy  by  etch-stain 
technlquee  all  support  the  contention  that  compensation  waa  not  Involved  in 
the  atructure  of  #503.  Thua  It  appeara  tenable  to  consider  this  peak  in  blue 
reaponee  to  be  a  gallium  phoaphlde  contribution  of  generated  carrlera. 
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Figure  23,  Spsctrsl  Response  of  Deep  Vsrisblc  Gsp  Device  #503. 
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Photovoltaic  Studio  and  Evaluation! : 


Approximately  ISO  flalahad  voltaic  devlcaa  vara  fabrlcatad  and  teatad. 
At  laaat  an  equsl  number  vara  mada  for  daetructlva  teats,  such  aa  croaa  sec- 
tlon  microscopy*  Approximately  one -fourth  of  thate  vara  single  gap  struct* 
uras ,  for  monitor  and  comparison  purposes;  one-half  vara  of  shallow  variable 
gap  structure*  and  the  remaining  one-fourth  vara  the  deep  variable  gap  type. 
("Shallow"  refers  to  units  with  gallium  phoephlda  layers  of  the  order  of  one 
to  three  microns;  "deep"  implies  five  to  twenty  microns  thickness)* 

In  comparing  the  single  gap  data,  it  must  ba  borne  in  mind  that  these 
units  were  generally  fabricated  with  abruptly  dopad  Junctions  of  the  order 
of  1-micron  or  less  in  depth,  while  the  variable  gap  units  Junctions  wars 
always  at  least  as  deep  as  the  gallium  phosphide  layer.  All  units  had  a 
single  collector  contact,  none  were  chemically  etched  or  otherwise  optimised 
no  ant 1-re fleet ant  coatings  vara  used.  Table  V  indicates  representative 
characteristics  of  single  gap  devices. 

TABLE  V 

Photovoltaic  Data  -  Single  Gap  Daviess 


Identity 

TC 

Volts 

*sc  o 
ms /cm 

Effmp 

Percent 

Volts 

Sunlight 

Intsnsltv 

380 

0.74 

14.0 

6.8 

0.60 

93.0 

382 

0.72 

17.0 

7.1 

0.54 

92.6 

403 

0.70 

14.0 

6.1 

0.50 

92.0 

448 

0.74 

10.8 

5.4 

0.56 

93.1 

450 

0.75 

9.0 

5.0 

0.60 

91.2 

462 

0.76 

15.5 

5.0 

0.44 

91.2 

465 

0.80 

10.5 

5.5 

0.58 

90.3 

468 

0.80 

10.5 

5.6 

0.62 

91.2 

NOTE:  #380  and  #382  fabrlcatad  from  high  mobility  material. 
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Table  VX  Indicates  similar  data  Cor  shallow  gap  units* 


TABLE  VI 


Photovoltaic  Data  for  Shallow  Variable 

Gap  Devices 

V0c 

*sc  , 

Effmp 

vl 

Sunlight 

Identity 

Volta 

ma/cnr 

Percent 

Volts 

Intensity  • 

365 

0.70 

14.7 

5.9 

0.52 

92.0 

396 

0.70 

17.5 

6.0 

0.46 

88.0 

405 

0.68 

17.0 

6.0 

0.52 

91.5 

421 

0.68 

9.5 

5.6 

0.52 

84.0 

429 

0.72 

8.5 

4.4 

0.56 

92.0 

431 

0.70 

9.1 

4.5 

0.52 

87.6 

433 

0.72 

12.0 

4.0 

0.48 

91.0 

459 

0.69 

10.5 

4.7 

0.52 

92.1 

466 

0.79 

12.1 

6.4 

0.62 

92.2 

472 

0.72 

6.8 

3.6 

0.50 

83.0 

Variations  over  the  span  of  the  tabulated  data  are  partially  the  result 


of  axcurslons  in  sine  diffusion  schedules  aimed  at  compromising  shallow  Junc¬ 
tion  depths  with  highest  carrlsr  concentration.  Unit  #466  represent a  the 
beat  approach  to  this  compromise.  Diffusion  schedules  of  this  unit  were 
phosphorus  800 “C  -  15  atmospheres*  2  hours;  sine  600*C  -  10  minutes* 

Deep  variable  gap  structures  suffered  severely  from  the  previously  dla- 
cuasad  compensation  effects.  Photovoltaic  parameters  wars  usually  very  poor; 
when  preliminary  measurements  (low  Voe,  IiC,  and  highly  raaiatlva  diode  char¬ 
acteristics)  indicated  sub-junction  barrier  layers  or  compensation*  sunlight 
efficiency  measurements  were  omitted* 

Table  VII  indicates  data  obtained  on  deep  variable  gap  structures  which 
suffered  less  severe  compensation* 
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TABU  VII 


Photovoltaic  Data  foe  Daap  Varlabla  Gap  Davlcaa 


Identity 

GaP  Dapth 
(Microns) 

V0c 

Volta 

*SC  9 

ma/cm 2 

Bffmp 

Percent 

Ziu 

Light 

Intenaity-mw 

397 

20.0 

0.59 

2.0 

1.0 

o.36 

90.0 

398 

18.0 

0.69 

3.0 

1.0 

0.40 

88.0 

401 

22.0 

0.42 

3.5 

1.0 

0.36 

88.0 

402 

20.0 

0,63 

3.5 

1.0 

0.46 

90.0 

406 

20.0 

0.27 

3.0 

1.0 

0.22 

90.0 

503 

8.0 

0.72 

6.0 

3.0 

0.52 

91.0 

504 

10.0 

0.72 

7.0 

4.0 

0.56 

55.0 

Savaral  considerations  muat  ba  made  in  intar prating  thaaa  data.  In  tha 
eaaa  of  tha  aingla  gap  units,  hlghar  afflclanclaa  par  aa  could  ba  raportad  by 
etching  to  optimum  Junction  dapth,  multiple  grided  contacts,  and  application 
of  anti -reflect ant  coatlnge.  It  is  considered  that  afflclanclaa  of  tha  order 
of  10  percent  might  ba  obtained  in  this  way.  It  la  raaaonabla  to  conjecture 
that  similar  improvements  might  ba  feasible  in  tha  shallow  varlabla  gap  struct¬ 
ures,  and  at  least  to  aome  degree  in  tha  latest  deep  structures . 

The  general  comparison  of  data  penal Isas  the  shallow  varlabla  gap  struct¬ 
ures  due  to  tha  inability  to  place  a  junction  within  tha  upper  part  of  tha  gal¬ 
lium  phosphide  area,  thus  not  realizing  tha  potential  benefits  thereof.  Nevar- 
the  less,  it  appears  that  tha  shallow  varlabla  gap  structures,  with  Junctions 
of  tha  order  of  three  microns,  are  capable  of  equal  afflclanclaa  aa  tha  con¬ 
ventional  GaAs  unit.  Tha  affect  of  compensation  during  tha  phosphorus  dif¬ 
fusion  step,  In  all  except  tha  latest  daap  structures,  drastically  reduced  thair 
photovoltaic  properties.  In  tha  recant  daap  structures,  where  compensation 
affects  were  minimised  or  eliminated,  photovoltaic  properties  are  significantly 
batter.  This  la  particularly  true  of  #504;  tha  sunlight  teat  data  ware  made 
on  a  day  whan  base  and  thin  clouds  reduced  the  light  to  only  55  milliwatts. 
Normally,  sunlight  intensity  is  approximately  90  milllwatta;  thus  I^/cm2 
would  normally  ba  of  tha  order  of  10  to  12  ma/cm2,  and  an  increase  in  Eff^p 
could  be  expected. 
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In  summary,  no  significant  advantages  in  photovoltaic  propertiea  were 
demonstrated;  but  at  least  equal  performance  waa  observed  in  the  a hallow  gap 
units,  and  the  more  recent  deep  atructures  were  approaching  this  value. 

Temperature  Characterlstica: 

Demonstration  of  an  increase  in  the  temperature  performance  of  the  var¬ 
iable  gap  units  over  the  conventional  type  of  gallium  arsenide  unit  was  one 
objective  in  evaluation.  V0c,  I8C>  an<*  ®^mp  wn  measured  over  the  region 
25°C-200*C  on  several  representative  specimens  of  single  gap,  shallow  and 
deep  variable  gap  units. 

The  drop  in  V0c  with  increasing  temperature  for  single  gap  units  of  our 
own,  and  for  those  fabricated  elsewhere,  gave  a  straight  line  slope  of  0.00234f 
volts/ °C.  This  slope  was  reproducible. 

The  drop  in  Voc  of  variable  gap  cells  was  regularly  less, 0.00210  volts/*C. 
The  difference  numerically  la  small,  and  might  be  questioned.  It  is  considered 
real,  and  quantitatively  small  due  to  the  Inability  to  place  the  junctions  in 
an  area  of  predominantly  gallium  phosphide  material. 

The  Ige  versus  temperature  curves  for  variable  gap  units  gave  a  more  in¬ 
clined  rise  with  temperature  than  the  single  gap  units.  Single  gap  units  in¬ 
dicated  25*C/200*C  change  in  Iae  of  120  percent;  variable  gap  units  Indicated 
130  percent  to  140  percent. 

The  Bffnp  of  variable  gap  units  indicated  a  numerically  smaller  rate  of 
decline  with  temperature  than  the  single  gap  units,  the  order  of  difference 
being  similar  to  that  of  Voe  versus  temperature. 

In  summary,  a  small  advantage  in  temperature  performance  waa  observed 
in  the  variable  gap  structures. 
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Ruggdsftf*: 


The  variable  gap  structures  demonstrate  a  dramatic  difference  in  rug¬ 
gedness,  due  to  the  presence  of  the  gallium  phosphide  layer.  Normal  tech¬ 
niques  in  probing  of  surfaces,  temperature  cycling,  handling,  etc.,  could 
be  done  at  will  with  little  fear  of  damage.  Surfaces  were  relatively  im¬ 
mune  from  damage  by  normal  cleaning  etches,  deep  structures  could  be  suc¬ 
cessfully  nickel  plated  on  the  top  surface  without  damage.  Qualitatively, 
the  variable  gap  structuraa,  characterised  by  this  ruggedness,  contrasted 
notably  with  the  damage  eensltlvlty  of  the  single  gap  units. 
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C«Ulua  Phoaphlda  Svnthealo : 


Initial  gulde-llnea  of  tha  InvaaCigatlon  Included  tha  coaparlaon  of 
varlabla  gap,  dlffuaad-typa  atrueturaa  with  atep-type  atrueturaa  of  gal- 
llua  phoaphlda  on  galliua  araenlde,  in  which  llttla  or  no  gradldg  of  tha 
tract It Ion  region  occura.  Tha  couraa  of  tha  luveatlgatlon  raachad  tha 
point  where  auch  coaparlaon  would  ba  vary  uaaful  and  Inf oroat lva .  Bpi- 
t axial  growth  appaarad  tha  logical  method  of  achieving  tha  atep-type  atruct- 
ura.  Tentative  af forte  at  aynthaalslng  galliua  phoaphlda  froa  eleoantdl 
galliua  and  phoapborue  ware  auccaaaful  and  Ingot a,  eeaent tally  alngla  cry- 
atal,  ware  aada  by  aynthaala-aelt  growth  In  a  high  praaaura  ayataa^), 
Subaaquent  work  reported  In  the  literature  by  Bodl^)  appaarad  attractive 
at  a  oathod  of  ayntbeela,  whara  tha  and  product  la  not  required  to  ba 
aaaelve  alngla  cryatal  ingot a,  aa  la  Indeed  tha  caaa  hare.  Thue,  galliua 
phoaphlda  waa  ayntbaalsad  In  a  ayataa  modeled  after  tha  Bodl  oathod,  aa 
eource  material  for  epitaxy, 

Tha  general  eyntheele  ayataa  la  llluatratad  In  Figure  24,  Phoapborue 
la  aubllaad  at  400*C  In  one  tone  of  a  aultlple-aone  furnace,  and  carried 
by  dry  hydrogen  gae  over  a  charge  of  60283  aC  900*C  In  a  aacond  sone  of 
tha  furnace,  hydrogen  flow  rataa  are  minimal ,  Tha  exit  of  tha  quarto 
reaction  tuba  la  aacloaad  In  a  dry  lea  cold  tone  to  trap  vapor  reaction 
producta.  Bxhauat  gaa  la  paaaad  through  a  potaaalua  permanganate  trap 
and  oxhauated  or  burned.  Reaction  time  la  of  tha  order  of  eaveral  houre. 
Minimal  reaction  tone  teaparaturea  and  hydrogen  flow  rataa  encourage  the 
growth  of  needle  atructure  growth.  Figure  25  llluatrataa  the  galliua  phoa¬ 
phlda  product.  Recovery  of  galliua  aa  galliua  phoaphlda  In  tha  Initial 
rune  waa  approximately  75  percent. 
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Figure  25.  Gallium  Phosphide  Synthesised  by  Open-Flow 

System. 

The  surface  of  the  gallium  phosphide  was  a  dense  growth  of  large 
needles,  microscopically  syometrlcal  and  highly  transparent,  of  yellow- 
orange  color.  Beneath  the  needle  was  a  mac  of  gallium  phosphide  powder. 
Removal  of  both  the  needles  and  mat  revealed  an  adherent  coating  of  gal¬ 
lium  phosphide  on  the  fused  silica  boat.  Samples  of  starting  materials, 
needles,  and  powder  scraped  from  the  boat  were  analysed  by  emission 
spectroscopy.  Impurity  data  of  these  specimens  are  tabulated  In  Table 
VIII.  The  residual  powder  encrusting  the  boat  was  sintered  for  ten 
hours  at  1000 *C  and  analysed  for  impurity  content.  These  data  are  In¬ 
cluded. 


TA3LE  VIII 


Impurity  Analysis  of  Starting  Materials  and  Synthesized 
Gallium  Phosphide. 


Total 


Specimen 

Identity 

SI  Pb 

Fe 

A1 

0.15 

Ca 

Cu  Sn 

PPM 

Lot  137-1 

G*2°3 

-  <  0.07 

- 

- 

0.66 

0.34  <0.1 

1.32 

M6207-BQ 

Phosphorus , 

40.0/1.0 

1.0 

5.0 

5.0 

1  .0 

1.0 

54.00 

M6209-BS 

Gap  Needles, 

0.5  <0.1 

1.0 

0.2 

- 

1  .0 

- 

2.80 

M62Q9-BT 

GaP  off  Boat, 

100.0  <0.1 

3.0 

0.5 

- 

2.0 

- 

105.60 

M6209-BU 

Gap  off  Furnace 

Tube , 

100. 0  <0.1 

0.5 

0.5 

- 

0.5 

- 

101.60 

M6211-AA 

Residual  GaP 
Sintered* 

5.0  - 

10.0 

3.0 

10.0 

2.0 

30.00 

NOTE:  *  •  Residual  GaP  chg.  sintered  10  hours,  I000#C  in  Hydrogen  ambient 
atmosphere. 

The  data  indicate  soam  of  the  impurities  fro®  the  Ga20^  and  phos¬ 
phorus  la  carried  over  in  the  gallium  phosphide,  but  especially  in  the 
needle  growth,  an  impurity  segregation  process  is  evident.  High  sil¬ 
icon  contamination  from  the  fused  silica  boat  is  apparent ;  this  may  be 
alleviated  by  retaining  a  gallium  phosphide  covering  on  the  boat. 

Specimens  of  the  needles  were  submitted  for  x-ray  diffractions 
study^  The  Laue  patterns  lndicatad  very  good  single  crystal  struct¬ 

ure  with  no  indication  of  mixed  phases.  The  diffraction  powder  study 
is  summarised  in  the  following  report. 
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A  single  needle-shaped  crystal  was  selected  Cor  a  single  crystal  pattern 
and  the  remainder  was  ground  for  a  powder  pattern.  The  results  are  tab¬ 
ulated  and  compared  with  two  earlier  aamples  (M6109-AQ  and  M6204-AB). 

The  powder  pattern  of  M6209-DM  wae  measured  and  both  the  Inter-planar 
spadngs  (d  value)  and  the  edge  length  o£  the  unit  cell  (aq)  were  calcul¬ 
ated,  Gallium  phosphide  has  a  diamond  structure  similar  to  zinc  sulfide 
In  the  sphalerite  form.  Since  gallium  and  phosphorus  Ions  have  differ¬ 
ent  diffracting  properties  certain  planes  give  diffraction  lines  which 
do  not  produce  lines  In  a  diamond  structure  comprised  of  only  one  kind  of 
atoms.  These  planes  are  the  (200) • (222),  (420),  (600),  and  the  (622). 

In  several  Instances  these  lines  are  very  weak  and  the  Inability  to 
measure  them  does  not  indicate  their  absence. 

The  pattern  of  the  needle-shaped  crystala  contains  a  low  theta  line 
at  about  3.24A*  which  has  been  observed  on  previous  samples  but  has  not 
been  entirely  explained.  If  arsenic  were  present  It  could  be  accounted 
for  as  a  second  phase,  perhaps  as  a  surface  layer,  of  a  gallium  arseno- 
phosphlde  solid  solution.  If  arsenic  Is  completely  absent  two  possible 
explanations  can  be  suggested:  The  grinding  of  the  sample  to  a  powder 
wae  accompanied  by  a  strong  odor  of  "matches"  and  it  Is  possible  that 
traces  of  mixed  oxide-phosphide  account  for  the  extra  line.  The  other 
poaslblllty  la  that  the  mechanical  work  done  In  grinding  resulted  in  the 
crystal  being  partially  converted  or  "smeared"  to  an  unstable  or  strain¬ 
ed  condition  which  glvea  rise  to  this  extra  line.  Opposed  to  this,  how¬ 
ever,  le  the  fact  that  the  lines  are  not  broadened. 

The  unit  cell  values  reported  In  the  literature  when  compared  with 
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those  measured  in  this  laboratory  are  in  reasonably  good  agreement.  How¬ 
ever.  alnce  the  materials  with  which  we  are  working  are  perhaps  purar  than 
thoaa  available  to  previous  Investigators  the  actual  values  end  the  dif¬ 
ferences  In  results  are  of  Interest.  The  small  difference  becomes  signif¬ 
icant  when  the  Influence  of  Impurity  atoms  on  unit  cell  dimensions  Is  con¬ 
sidered. 

Wyckoff  gives  a  value  of  5.436  A*  but  the  literature  reference  is 
not  given.  The  recent  publication  of  Gleeecke  &  Pflster  (Acta  Crystallo- 
graphics,  11.  369,  (1959)  gives  a  valua  of  5.4505  A*  which  is  based  on 
the  single  (531)  plane.  Quoted  In  the  G.  &  P.  paper  is  a  1926  value  of 
5.447  due  to  Goldschmidt.  Many  factors  play  a  part  In  datarminlng  the 
final  values  assigned  to  a  unit  cell  dimension  in  addition  to  the  sample. 
Tabulated  below  are  the  measured  values  obtslned  here  on  three  gallium 
phosphide  samples  and  data  on  the  determinations  and  comparisons  with 


literature  values: 

Sample  Ag 

M6109-AQ 

5.4502 

Weighted  mean  of  all  lines  (Accepted) 

M6204-AB 

5.4447 

5.4508 

Weighted  mean  of  all  lines 

Weighted  mean  of  doublets  (Accepted) 

M6209-DM 

5.4495 

5.4519 

5.4466 

Weighted  mean  of  all  lines  (Accepted) 
Weighted  mean  of  doublets 

Refined  by  a  sin  2q  method 

Literature: 

5.4505 

5.447 

5.436 

Glesecke  and  Pflster 

Goldschmidt 

wyckoff 

NOTE:  It  appaars  that  a  value  of  Sq  In  the  order  of  5.4500*  0.005  A*  is 
very  close  to  the  true  value. 

Tentative  measurements  of  resistivity  of  these  needles  were  made. 
Contacting  was  by  silver  paste  on  copper  laminate  mounts.  This  contact¬ 
ing  Indicates  fairly  uniform  resistivities  of  approximately  1x10*  ohm-cm. 
The  resistivities  were  not  greetly  sensitive  to  light. 
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those  matured  In  this  laboratory  are  in  reasonably  good  agreement.  How* 
aver,  since  the  materials  with  which  we  are  working  are  perhaps  purer  than 
those  available  to  prevloue  Investigators  the  actual  values  and  the  dif¬ 
ferences  In  results  are  of  Interest.  The  smell  difference  become  signif¬ 
icant  when  the  Influence  of  impurity  atom  on  unit  cell  dimensions  is  con¬ 
sidered. 

Wyckoff  gives  a  value  of  5.436  A*  but  the  literature  reference  Is 
not  given.  The  recent  publication  of  Glesecke  &  Pflster  (Acta  Crystallo- 
graphics.  11.  369,  (1939)  gives  a  value  of  3.4S0S  A*  which  Is  based  on 
the  single  (331)  plane.  Quoted  in  the  G.  &  P.  paper  Is  a  1926  value  of 
5.447  due  to  Goldschmidt.  Many  factors  play  a  part  in  determining  the 
final  values  assigned  to  a  unit  cell  dimension  in  addition  to  the  sample. 
Tabulated  below  are  the  masured  valuea  obtained  here  on  three  gallium 
phosphide  samples  and  data  on  the  determinations  and  comparisons  with 


literature  values: 

Sample  AQ 

M6109-AQ 

5.4502 

Weighted  man  of  all  lines  (Accepted) 

M6204-AB 

5.4447 

5.4508 

Weighted  man  of  all  lines 

Weighted  man  of  doublets  (Accepted) 

M6209-DM 

5.4495 

5.4519 

5.4466 

Weighted  man  of  all  lines  (Accepted) 
Weighted  man  of  doublets 

Refined  by  a  sin  2Q  method 

Literature: 

5.4505 

5.447 

5.436 

Glesecke  and  Pfiater 

Goldschmidt 

Wyckoff 

NOTE:  it  appears  that  a  value  of  Sq  In  the  order  of  5.4500*  0.005  A*  Is 
very  close  to  the  true  value.  ” 

Tentative  measurements  of  resistivity  of  these  needlea  were  made. 
Contacting  wee  by  silver  paste  on  copper  laminate  mounts.  This  contact¬ 
ing  Indicates  fairly  uniform  resistivities  of  approximately  1x10^  ohm-cm. 
The  resistivities  were  not  greatly  sensitive  to  light. 
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Epitaxial  Growth: 


Baaed  on  the  excellent  reaulte  in  ayntheeleing  gel Hum  phoaphide 
and  obaervationa  of  the  dendritic  needle  growth,  uae  of  the  aame  gen¬ 
eral  ayaten  appeared  proaielng  for  epitaxy.  The  general  ayateo  la  11- 
luatrated  in  Figure  26.  Principal  modlflcatlona  Include: 

(a) .  A  fuaed  all lea  boat,  partitioned,  to  place  the  Ga2<>3  cloaely 

adjacent  to  the  gallium  araenlde  aubatratea,  yet  aeparate  to 
lnaure  growth  from  the  vapor  phaae  only. 

(b) .  A  heat  a ink  arranged  to  lnaure  the  aubatratea  being  the  cool- 

eat  aurface  in  the  vicinity  of  the  eyntheele  area. 

(c) .  Provlalone  to  move  the  entire  boat  into  and  out  of  the  hot  none. 

(d) .  Appropriate  inetrumentatlon  for  temperature  meaaurement. 

The  ayntheala-growth  operation  waa  carried  out  in  a  30  mm  1.0.  fuaed  all- 
lea  tube,  houaed  in  a  multiple  cone  furnace.  Subatrete  wafera  and  a  few 
grama  of  GajO^  were  placed  in  the  aeparate  compartmente  of  the  rectang¬ 
ular  boat  but  retained  outalde  the  furnace  while  initial  heating  waa  dona* 

A  few  grama  of  red  phosphorus  was  placed  in  a  allies  boat  and  retalnd  out¬ 
alde  the  furnace  until  stabilized  temperatures  were  accomplished.  The 
ayatem  waa  purged  with  dry  argon  and  hydrogen.  The  heat  sink  was  adjusted 
to  obtain  approximately  850 *C  substrate  temperature.  The  phosphorus  waa 
inserted  in  the  400 *C  cone  and  growth  carried  out  under  very  low  hydrogen 
flow  rate  for  two  hours.  The  phosphorus  boat  was  then  retracted,  hydrogen 
flow  rates  increased  and  the  furnace  turned  off  for  cooling. 

A  yellow  powder  deposit  was  observed  on  two  of  the  three  specimens. 

It  waa  easily  wiped  off  and  did  not  appear  to  erode  or  daoMge  the  surfaces. 
Surfaces  were  smooth  and  lustrous  with  little  evidence  of  staining  and  ap¬ 
peared  grey  in  color  to  the  naked  eye. 
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Microscopic  examination  was  made  of  a  cross  sectioned  wafer*  An 
orange-colored  layer  was  observed.  Rigorous  etching  in  KOH-^O^  did  not 
slgnifically  affect  this  layer  although  the  underlying  gallium  arsenide 
was  severely  attacked.  A  specimen,  M6211-BN,  was  submitted  for  x-ray 
determination  of  structure.  The  Laue  pattern  obtained  is  illustrated  in 
Figure  27.  Exposure  was  made  at  approximately  15*  from  perpendicular  to 
the  surface  and  produced  the  typical  1:1:1  three-fold  symmetry.  No  evi¬ 
dence  of  mixed  phases  was  observed.  Since  the  unit  cells  dimensions  of 
gallium  arsenide  and  gallium  phosphide  are  so  similar,  positive  identity 
of  gallium  phosphide  requires  direct  comparison  of  halves  of  the  same  wafer, 
one  with  gallium  phosphide  growth. 

Based  on  microscopic  examination,  however,  the  Identity  as  gallium 
phosphide  appears  rather  certain. 
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Epitaxial  Growth  by  Iodine  Transport; 


An  axploratory  trial  was  mada  of  epitaxial  growth  of  gallium  phosphide 
on  gallium  arsanlda  substrates,  using  the  previously  described  gallium  phos¬ 
phide  needles  as  source  material,  and  the  iodine  transport  method.  The  sub¬ 
strates,  source,  and  elemental  iodine  were  sealed  in  a  quarts  ampoule  under 
vacuum.  The  ampoule  wee  placed  in  a  multiple-sons  furnace  and  a  suitable 
temperature  gradient  imposed.  Figure  28  illustrates  the  salient  features 
of  the  experiment.  Substrate  tempereture  wee  700*C,  source  tempereture  was 
850*C,  and  time  of  growth  extended  to  two  hours.  Cognisance  was  taken  that 
this  schedule  would  Involve  growth  of  greater  than  the  desirable  thickness. 
Two  specimens  were  used;  one  was  broken  in  opening  the  ampoule. 

Microscopic  examination  of  the  other  Indicated  growth  was  accomplished. 
A  yellow-orange  translucent  layer  was  observed  under  polarised  light. 

Subsequently  epitaxial  layers  were  grown  using  the  iodine  transport 
method,  with  sine  iodide  as  both  the  iodine  source  and  dopant.  A  further 
modification  was  the  use  of  1000*C  source  and  750*C  substrata  temperatures. 

A  few  milligrams  of  high  purity  phosphorus  was  included  in  the  ampoule, 
physically  placed  in  -  or  on  •  the  gallium  phosphide  source. 

Results  were  very  good;  clear,  yellow-orange  gallium  phosphide  layers 
of  6  to  30  microns  depth  were  grown.  Figure  29  illustrates  one  specimen. 
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Figure  29.  Epitaxially  Crown  GaP  Layer  on  GaAe  by  Iodide  Transport. 

(400x) 

The  specimens  of  epitaxy  by  the  Ca 2 O3- phoaphorua  were  of  n-type  GaP 
on  n-type  GaA a.  Bulk  net  carrier  concentration  of  CaAs  was  2xl0*^/cc. 

The  GaP  layer  (grown  without  Intentional  doping)  vaa  of  the  order  of  10^ 
atoms /cc  net  carrier  concentration.  Thia  effort  waa  Intended  only  to  ex¬ 
plore  the  epitaxial  growth  process;  subsequent  growth  experiments  were  car¬ 
ried  out  by  the  iodide  technique,  which  offered  lower  substrate  temperature 
requirements.  The  substrate  temperature  is  important  in  the  growth  of  Mp" 
GaP  on  "n"  GaAs ,  since  appreciable  in-diffusion  of  zinc  into  the  GaAa  stay 
occur  during  the  growth  of  Gap. 
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It  was  proved  advantageoua  to  insert  the  ampoule,  charge  end  flrat, 
into  the  previously  stabilised  furnace;  thia  method  reaults  in  better  control* 
With  source  temperature  of  1000 *C,  substrate  temperatures  of  750*C,  an  initial 
period  of  15  minutes  was  required  for  ampoule  end  contents  to  coma  to  temper¬ 
ature  and  achieve  chemical  equilibrium  of  the  iodide  products*  Thus,  an 
epitaxial  run  removed  at  the  end  of  15  minutes  indicates  only  the  beginning 
of  epitaxial  growth;  at  the  end  of  30  minutes  growth  of  6  to  8  microns  was 
observed  regularly. 

Measurements  of  layer  depth  was  accomplished  by  potting  the  wafer  In 
Luclte  or  Epoxy,  croes-eectlonlng  and  polishing*  Edge  lighting  of  the  wafer 
produces  dramatic  illumination  of  the  gallium  phosphide  layer  and  allows  ac¬ 
curate  microecoplc  measurements . 

Initial  iodide  transport  afforts  were  carried  out  with  no  dopant  includ¬ 
ed,  to  obtain  some  control  of  the  growth  process;  subsequently  zinc  iodide 
was  includad  to  produce  "p"  GaP  layers*  Brief  discussion  is  in  order  of  this 
"p  on  n"  type  of  etructure.  The  "n"  gallium  areenlde  bulk  material  was  ex¬ 
posed  at  the  bottom  by  lapping,  contact  made  by  electroplated  nickel,  and 
coated  with  solder.  The  epitaxial  surface  was  cleaned  and  contacted  either 
by  electroplated  nickel,  or  ultrasonlcally  applied  Zn-In-Pb  alloy*  The  GaP 
depth  involved  in  these  meeaurements  averaged  10-microns  and  were  grown  in 
30  minutes. 

Epitaxial  Device  Parametars: 

Photovoltaic  output  of  the  epitaxial  units  was  disappointing  and  varied 
considerably,  as  indicated  in  Table  VIII. 

TABLE  VIII 

Device  EG-35-2  Maximum  Observed 


Voc 

lac 


0.52  Volts 
1.5  me. 


0.8  Volts 
2.5  me. 


JDiode  characterise lcs  of  these  junctions  were  observed  by  the  curve  tracer 
method.  Two  examples  are  illustrated  in  Figure  30. 


Figure  30.  Epitaxial  Device  Diode  Characteristics. 

Spectral  response  of  a  typical  unit  (Eo-35-2)  is  illustrated  in  Figure  31. 


Wavelength  -  Millimicrons 

Figure  31.  Spectral  Response  of  Typical  Epitaxial  P-on-N  Device, 

(EC-35-2) 
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Discussion: 


The  photovoltaic  reaulta  measured  on  the  epitaxial  devices  were  dis¬ 
appointing.  One  could  expect  to  observe  Vo0  of  the  order  of  1-volt  or  more, 
for  a  good  Junction  in  gallium  phosphide,  “the  layers  were  regularly  clear 
and  highly  translucent,  of  excellent  crystalline  structure  as  defined  by 
Laue  patterns.  Carrier  concentrations  In  the  gallium  phosphide  were  esti¬ 
mated  at  1018  atoms /cc,  a  trifle  low  for  good  conversion  efficiency,  but 
not  so  poor  as  to  reflect  In  low  Voc.  The  diode  characteristics  Indicate 
a  junction  with  graded  rather  than  abrupt  char acterist ICS,  The  spectral 
response  Is  Indicative  of  a  shallow  Junction  in  GaAs.  Retrogressing  briefly, 
the  substrate  temperature  was  750 *C,  growth  time  30  minutes,  with  a  zinc  en¬ 
vironment,  which  establishes  the  necessary  conditions  for  significant  zinc 
diffusion  into  GaAs  during  the  growth  process. 

Based  on  the  foregoing  evidence,  it  is  considered  that  the  photovoltaic 
data  reflect  the  presence  of  a  diffused  junction  within  the  GaAs  substratbj 
rather  than  coincident  with  the  GaP-GaAs  interface.  This  inference  is  sub¬ 
stantiated  by  the  observed  relation  between  photovoltaic  results  and  sub¬ 
strate  doping.  Photovoltaic  performance  was  better  with  GaAs  substrates  of 
high  net  "n"  carrier  concentration,  where  zinc  penetration  would  be  somewhat 
slower. 

The  converse  geometry,  on  "n"  GaP  on  "p"  GaAs  was  explored  briefly. 
Growth  of  GaP,  with  elemental  tin  dopant,  by  the  iodine  process  was  carried 
out,  using  zinc  doped  GaAs  substrates.  The  out  diffusion  of  zinc  from  the 
substrates  was  observed  to  produce  compensation  of  the  GaP,  producing  poor 
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photovoltaic  properties  and  very  high  surface  resistivity  (of  the  order  of 
lO^ohms  per  square).  Had  tine  permitted,  further  exploration  of  this  type 
was  considered  using  tellurium  as  a  dopant;  a  2-step,  heavily  doped  "n"- 
heavily  doped  "p"  GaP  epitaxy  procedure  was  considered  a  promising  concept. 

The  results  reported  here  must  be  viewed  as  tentative;  the  epitaxial 
effort  was  a  secondary,  exploratory,  small-scale  effort,  and  not  wide  or 
rigorous  in  scope.  Tentative  comparison  indicates  the  epitaxial  struct¬ 
ure  is  subject  to  peculiar  fabrication  difficulties  with  regard  to  junc¬ 
tion  placement,  as  is  also  the  deep  variable  gap  structure.  Both  ctruct- 
ures  may  be  amenable  to  improvement  with  further  research.  The  physical 
growth  process  of  the  epitaxial  surface  is  not  unduly  difficult,  and  is 
attractive  in  that  it  minimises  time-temperature  cycles.  Photovoltaic 
properties,  although  not  dramatic  in  these  early  devices,  are  respectable 
and  offer  promise  of  significant  improvement. 
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Electroluminescence : 


The  injection  luminescence  of  both  the  tingle  gap  end  verieble  gep 
structure  wes  investigeted  es  a  possible  tool  for  evaluating  the  device 
structure.  It  was  accepted  that  due  to  the  Junction  location  in  the  var¬ 
iable  gap  devices  being  below  the  predominantly  GaP  areas,  a  similarity 
in  luminescence  might  be  expected. 

Electroluminescent  diodes  were  fabricated  somewhat  differently  than 
the  photovoltaic  counterpart.  To  achieve  high  current  density,  mesa-type 
structures  were  considered.  Discrete  fabrication  steps  are  indicated  in 
Table  IX. 

TABLE  IX 


Fabrication  Stepa  and  Sequence-Electroluminescent  Diodes. 


Single 

Variable 

Step: 

_£*£_ 

Gap 

Waferlng,  lapping,  chemical  polishing. 

X 

X 

Phosphorus  Diffusion  900 *C  •  13  Atm.  -  6  hours. 

X 

H/P  cleaning,  rinsing,  drying, 

X 

♦Zinc  Diffusion  800 *C  -  10  minutes, 

X 

X 

Mask  out  dot  pattern,  plate  nickel,  coat  solder. 

X 

X 

Lap  bottcma,  clean,  plate  nickel,  coat  solder. 

X 

X 

Chemically  etch  mesas. 

X 

X 

Scribe,  cleave  mesas,  mount  on  T0-5  bases. 

X 

X 

Final  cleaning  and  drying. 

X 

X 

Evaluation  for  luminescence , 

X 

X 

NOTE:  *  *  The  emission  intensity  as  a  function  of  Junction  depth  was  det¬ 
ermined  in  a  brief  study  to  be  optimum  with  a  depth  of  approx¬ 
imately  8  microns,  produced  by  this  diffusion  schedule. 
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Diode  characteristic*  of  these  mesa-type  diodes  were  characteristic- 
elly  good,  as  previously  indiceted  in  Figure  6.  The  reverse  breakdown 
voltage  for  the  variable  gap  specimen  were  regularly  about  fourteen  volts, 
some  were  observed  to  exceed  this  figure  significantly*  Forward  character¬ 
istics  were  very  steep,  with  total  series  resistance  less  than  1-ohm  for 
both  types. 

Junction  depth  was  measured  microscopically  by  etch  stain  techniques. 
The  variable  gap  structures  had  junctions  coincident  with  the  bottom  of 
the  GaP  layer.  Detection  of  emitted  light  was  by  means  of  a  silicon  solar 
eell,  with  the  emitting  Junction  0.125  inch  from  its  surface.  Delivery  of 
photo-multiplier  detection  and  measuring  equipment  was  delayed  and  this 
system  employed  for  the  sake  of  expediency.  Admittedly,  the  results  are 
considered  qualitative  only. 

Mesa  diameters  were  held  closely  to  1-nxn.  No  reflection  devices  were 
used,  direct  Junction  edge  emission  only  was  measured.  Excitation  was  ac¬ 
complished  by  direct  current  pulse  techniques  and  measurements  of  current 
by  display  of  the  voltage  drop  across  a  precision  1-ohm  resistor  on  a  Tek¬ 
tronix  Model  #535  scope.  Detected  emission  was  measured  similarly  as  the 
Isc  o£  the  silicon  solar  cell.  Both  measurements  were  at  25 *C.  The  spec¬ 
ified  conversion  efficiency  of  10  percent  was  used  to  mathematically  derive 
the  rate  of  photon  emission.  Since  the  efficiency  of  the  detector  .at  wave¬ 
length  greater  than  0.9  microns  is  known  to  be  less  than  with  solar  spectrum 
input,  the  values  thus  obtained  are  surely  conservative.  Wavelength  emission 
of  the  GaAs  Junctions  are  documented  in  the  literature^;  emission  from  the 
variable  gap  structure  is  of  extreme  Interest,  but  waa  delayed  pending  the 
sensitive  detection  equipment. 
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Qualitatively,  the  variable  gap  and  single  gap  structures  exhibit¬ 
ed  similar  emission  efficiencies.  Belt  results  are  tebulated  as  follows: 

Input  Detected 

Current /nmr  ibfr.  Micro -amoa.  Photon/Sec. 

Single  Gap,  150  ma.  12  7.5xl014 

Variable  Gap,  150  ma.  11  7.0xl014 

Considering  the  effective  area,  and  depth,  of  emission  aperture  from 
the  Junction  In  relation  to  the  Current  carrying  area  of  the  Junction,  the 
probable  quantum  efficiency  la  Indicated  to  be  a  few  percent  in  either  case. 
This  Is  in  general  agreement  with  data  given  in  the  literature^)  #  it  is 
considered  that  the  similarity  In  luminescence  Is  primarily  due  to  the  sim¬ 
ilar  placement  of  the  Junction. 


65 


V.  SUMMARY 


Significant  improvement  in  device  uniformity  and  quality  waa  achiev¬ 
ed  by  the  chemical  poliahing  technique  developed  in  the  courae  of  thla  in- 
veatigation. 

Acceptable  ohmic  contecting  procedurea  are  deacribed  for  GaAa  end  GaP 
aur facer. 

Shallow  depth  variable  gap  devlcea,  with  junction  deptha  of  the  order 
of  3-mlcrona  were  fabricated  with  eaeentlally  equal  photovoltaic  propertiea 
aa  the  conventional  alngle  gap  GaAa  devlcea.  Theae  devlcea  indicate  apectral 
reaponae  broadened  in  the  blue  region,  lncreaaed  ruggedneaa,  and  a  email 
numerical  advantage  in  temperature  performance. 

Deep  variable  gap  atructurea  of  competitive  but  amaller  photovoltaic 
effldendea  were  achieved  by  minimialng  or  elimination  of  heavy  cotnpen- 
aatlon  effecta  from  phoaphorua  impurltiea.  Significant  difference  in  apec¬ 
tral  reaponae  waa  obaerved.  Further  differencee  of  importance  are  implied 
with  the  advent  of  Junction  placement  within  the  GaP  region. 

Syntheala  of  GaP  waa  carried  out  by  two  methode.  Acceptable  product 
purity  waa  obtained  with  reaaonable  effective  yield.  Melt  grown  ingot a  of 
gallium  phoaphlde  were  produced,  and  uaed  aa  aource  material  for  epitaxial 
growth  of  GaP  on  GaAa  aubatratea. 

Epitaxial  layera  were  grown  aucceaafully,  with  fairly  good  control 
and  uniformity.  Two  methode  were  explored  and  the  iodine  transport  method 
la  conaldered  the  better.  P-on-N  atructurea  were  produced  and  tented.  A 
difficulty  in  reatrlctlng  intra-diffualon  from  the  p-type  GaP  into  the  aub- 
atrete  waa  expoaed. 
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Electroluminescent  mess  diodes  of  single  gep  end  deep  vsrleble  gap 
structures  were  febrlcated  end  tested  qualitatively.  Results  Indicate 
a  almllarlty  In  emission,  considered  the  result  of  Junction  placement 
below  the  predominantly  gallium  phosphide  region  of  the  variable  gap 
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